
DISCUSSION 

This department has been established by the editors in order to afford to 
those interested in questions relating to economic geology an opportunity fo• 
informal discussion. Contributions are cordially invited either in the form 
of discussion of more formal papers appearing in earlier numbers or bearing 
upon matters not previously treated. Letters should be directed to the Editor, 
Sheffield Scientific School of Yale University, New Haven, Conn. The full 
name of the author should be attached to all communications. 

MAGMA TIC ORE DEPOSITS OF SUDBURY, ONTARIO. 

Sir:--The Sudbury occurrences are of such profound interest 
to students of ore deposits that the two articles by Drs. Bate- 
man and Coleman in your August issue have doubtless been 
studied by many in the hope of finding some convincing solution 
of the vexed controversy in regard to their origin. Dr. Cole- 
man alludes to my recent work on the Insizwa deposits of South 
Africa, which to some extent resemble those at Sudbury, and 
he points out that I regard them "as undoubtedly due to gravi- 
tational segregation." At the time when Dr. Coleman wrote his 
article my reply to the discussion that ensued on the reading of 
my paper before the Institution of Mining and Metallurgy had 
not been published. Several speakers alluded to the Sudbury 
controversy and one geologist in particular, of high repute, was 
quite as confident that my view of the Insizwa was wrong as I 
am that it'is right. Now I fully realized at the time my Insizwa 
paper was written that without a convincing solution of the Sud- 
bury problem, the interpretation I have given of the Insizwa de- 
posits would be open to the same controversy. My position in 
regard to the Sudbury occurrences is that stated by Dr. Bate- 
man, namely, one whose field experience of the Sud'bury occur- 
rences is limited, so I consequently did what he has done, that is 
to say, investigate the literature pertaining to the deposits and 
study the rocks and ores by means of thin sections and polished 
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specimens. It soon became only too obvious that to correlate 
the phenomena it was necessary to get back to bed-rock principles 
and treat the whole subject as a problem in physical chemistry, 
taking the bare facts of observation as recorded in the literature 
and setting aside for the moment the interpretations put upon 
them by the various geological observers. My method of attack 
has therefore been on somewhat different lines from those pur- 
sued by previous writers and the results can scarcely fail to in- 
terest your readers. They are given very .briefly in Bulletin No. 
•56 of the Institution of Mining and Metallurgy, while a fuller 
explanation of the analytical methods and principles employed 
and the conclusions reached is now in the press. Meantime it 
may interest your readers to have this solution of the Sudbury 
problem put before them, more particularly as it paves the way 
for the solution of a whole host of problems connected with the 
derivation of ore deposits from igneous magrnas in all parts of 
the globe. For the sake of brevity I cannot do better perhaps 
than quote the very condensed account given in the Bulletin 
previously mentioned. In principle the explanation of the Sud- 
bury phenomena is a very simple one and depends on the fun- 
damental differences between the anhydrous silicate slags of the 
human smelter and the hydrous slags or rock magmas employed 
in Nature's smelting operations. 

When matte smelting is done under pressure in silicate melts contain- 
ing smal.1 quantities of water, such as the natural rock magmas, the matte 
that separates contains quantities of 1-I.oS that vary in amount according 
to certain principles. In this respect, as well as in certain others, the 
matte differs from ordinary dry-smelted artificial matte. On consolida- 
tion the sulphur of this dissolved I--I2S is converted into metallic sulphide 
by reacting with iron oxide in the basic silicates in such a case as Sud- 
bury. Thus some of the silicates are broken up by the sulphide con- 
solidation, and there is an increase in volume and quantity of the sul- 
phides at the expense of silicates taking place after the main silicate 
consolidation, giving rise inevitably to silicate replacement. 

The hydrogen of the H2S becomes oxidized to water by means of the 
oxygen liberatec• from the iron oxide on its conversion to pyrrhotite, 
thus giving rise to that local appearance of hyd•rothermal alteration, in- 
eluding hornblendization, that has led investigators of the Sudbury oc- 
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currences to suppose that the ores had been introduced by aqueous 
solutions. 

Abstracting bases, FeO in the Sudbury instance, from basic silicates 
necessarily leaves acid residues, the so-called acid extracts. 

I may add that there are certain other expansions of the sul- 
phides, the approximate magnitudes of which can be calculated, 
but which differ from those involved in pyrrhotite formation in 
that they cannot be compensated by the chemical reactions with 
the silicates, consequently these expansions are "taken up" 
mechanically and help to produce that .brecciation and expulsion 
of the matte into the surrounding country, which is'such a 
marked feature of the Sudbury deposits. They are surprisingly 
large, the peculiar consolidation phenomena thus appear partly 
as the result of "sulphur blasting" arising from a very interest- 
ing play on the well-known polymerizing properties of sulphur, 
in conjunction with the successive development of the affinities 
of the different metals for additional sulphur to form disulphides 
as the temperature of the sulphurized matte diminishes. 

It also appears that the concentration o.f the gassed matte at 
the lower margin is not entirely a result of gravitative accumu- 
lation but the two-phase--gas-liquid--constitution renders the 
matte amenable to other physical influences. Applying the prin- 
ciples of physical chemistry to magmas more acid than the Sud- 
bury eruptive leads to the conclusion that flotation o.f matte, 
which is more highly gassed in such magrnas, followed by its 
conversion or "self-bessemerization" and pressure squirting 
into the adjoining country, is one of the most important combina- 
tions of processes in the formation of deposits of the contact- 
metamorphic type, a type to which, as W. H. Weed tells us, an 
ever-increasing number of deposits is being referred. 

One of the objections that has been raised against the smelting 
hypothesis for the Sudbury deposits is the supposed age rela- 
tionship of the granites encasing the eruptive. Knight • discusses 
this matter as follows: 

Dikes of coarse-grained granite penetrate the norite. Hundreds of 
them have actually been counted• .... The age relationship is so clear 

x Knight, C. W., Eng. and Min. Jour., May 6, I916, pp. 811 and 8x2. 
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that it would be unnecessary to emphasize the fact (sic) had it not been 
denied. They penetrate it hundreds of feet .... Clearly then the molten 
sulphides could not have settled to the bottom of the riorite magma . . . 
for the very good reason that the granite was not there when the norite 
was erupted. 

Now at Insizwa we have a very similar structural arrangement. 
The eruptive is encased in acid sediments that are intensely meta- 
morphosed for a distance of several hundreds of feet from the 
contact. The fine-grained recrystallized acid rocks in the neigh- 
borhood of the contact are scarcely recognizable as altered sedi- 

ßrnents were it not that the stratification again makes itself obvious 
on weathering, but running up from these fine-grained acid 
sediments into the ore-bearing eruptive there frequently occur a 
multitude of fine-grained acid dikes having sharp, well-defined 
walls in the eruptive but fading away imperceptibly into the en- 
casing sediments. The whole general facies of the marginal 
structure is similar to that at Sudbury but on a smaller scale as 
regards size of crystals, size of dikes and size of eruptive. There 
is no doubt about the age of the Insizwa sediments. They are 
earlier. The question therefore arises as to what is the correct 
interpretation of these granitic dikes. 

I attribute their formation at Insizwa to differential melting 
of the more fusible constituents in the encasing sediments and 
squeezing of the interstitial liquids so made into marginal cracks 
in the eruptive. It is generally admitted by geologists that the 
solidifying temperatures of acid rocks such as granite are con- 
siderably lower than those of basic melts. 

It is probale therefore that at Sudbury earlier granites which 
may have been in contact with the eruptive at the time of injec- 
tion became heated over a limited marginal zone to tengperatures 
above the solidifying temperature of granite. But the solidify- 
ing temperature range of granite is very different from its melt- 
ing range. All the evidence as to the constitution of rock mag- 
mas goes to show that this great difference between solidifying 
temperatures and melting temperatures is due to the excessive 
lowering of the freezing range by gases. The great geological 
agent for melting or lowering the freezing range is hydrogen 



DISCUSSION. 141 

and its compounds, of which H20 is the most important in silicate 
melts. If therefore we introduce into a mass of granite at tol- 
erably high temperature and pressure hydrogen and its oxide we 
shall tend to melt a certain amount of it. Now the Sudbury 
magma was rich in hydrogen and its oxide as is evident from the 
rock analyses. It can be shown that in an iron-rich magma, such 
as the Sudbury, much o.f the hydrogen appearing as water in the 
rock analyses exists as free hydrogen in the liquid magma while 
it is well known that elemental hydrogen diffuses readily and 
fairly rapidly through solid silica, and probably even m•e 
readily through solid silicates. There is in fact no real chemical 
difficulty in understanding partial melting of encasing granite 
in a marginal zone in close proximity to the eruptive. I have 
carefully investigated the volume changes accompanying the 
freezing of a hydrous melt and it appears that at a certain stage 
in the consolidation of large masses of such melts the earlier- 
formed and solid shell is .stressed by a bursting pressure produced 
by certain phystco-chemical adjustments that take place in the 
partially consolidated interior of the mass. Thus at a fairly ad- 
vanced stage in the consolidation of a large mass of igneous rock 
we have an outer solid shell shrinking on an interior mass that 
tends to expand to some extent at a point on the cooling curve. 
Now a bursting pressure exerts itself in such a way as to produce 
strains at a lower margin both downward and tangential. The 
mechanism of the formation of the Insizwa marginal cracks does 
not appear to have been quite of this order, but arose from vol- 
ume changes resulting from the very rapid fall in temperature 
that takes place in a very narrow marginal zone highly pre- 
heated by the invading magma. 

It seems not improbable that this kind of multiple small crack- 
ing was the forerunner of the larger cracks at Sudbury now 
filled with coarse-grained granite. The small cracks formed at 
the earlier stage being as it were the thin edge of the wedge for 
initiating the larger fracturing necessary to compensate the later- 
produced bursting strains. Thus at the lower margin of such a 
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mass as the $udbury eruptive are produced conditions that tend 
to produce fairly large open fractures more or less at right angles 
to the periphery and at the same time tangential shearing. 

These stresses and strains adjust themselves partly mechan- 
ically and partly physico-chemically but the important feature 
from the age point of view of the granite is that they would tend 
to drive partially melted granite into the fissures so produced in 
the outer shell of the norite-micropegmatite. It is probable also 
that this bursting pressure augments the "sulphur blasting" 
process and assists in "squirting" of the matte into the sur- 
rounding country. 

In addition to this a portion of the floor of the nickel eruptive 
resting on a semi-fused mass, or say partly solidified granite, is a 
region that lends itself more readily to the compensation of 
bursting strains than parts of the eruptive resting on solid 
ground. Now the granite that sends these apophyses into the 
eruptive is described as gneissose in character and the gneissose 
character of granitic rocks is commonly considered to be due to 
movement of the melts when in an advanced stage in consolida- 
tion. 

In order to understand the age relationships of the various 
Sudbury rocks it also seems advisable to pay a little more atten- 
tion to the general course of the igneous cycle than appears to 
have been done by most writers. 

The most striking feature of the early greenstones or sud- 
burires, said to be the earliest members of the cycle, is their high 
iron content. The high percentage of FeO in the nickel eruptive 
is also a remarkable feature. In the following table I give the 
composition of a sudburite from Blezard, the average compo- 
sition of 236 granites of all ages as given by Daly, • an average 
computed by mixing one part Sudburite and three of granite, 
and the average composition of the nickel eruptive as given by 
Coleman? 

2 p. x9, "Igneous Rocks and their Origin." 
a,, The Nickel Industry," p. xo6. 
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sio ................. 46.86 69.92 64. i3 62.83 
AlsO, ................ 16.94 14.78 15.32 14.62 
FeO ................ I5.49 1.67 5.x2 6.43 
Fe•Oa ............... 4.18 x.62 2.26 I•5 
CaO ................ 9.65 2.15 4.02 4.18 
MgO ............... 2.94 .97 1.46 2.42 
P•O• ................. 28 .24 .25 .16 
Ti02 ................ 1.54 .39 .67 .67 
K20 ................. 23 4.07 3. I I 2.29 
Na=O ................ 1.51 3.28 2.84 3.50 
S .................... 09 -- -- -- 
H,O ................. 47 .78 .7o i. 12 

Having regard to the variations in the chemical compositions 
of the sudburites as a whole and the rough and ready nature of 
the calculation, there is an astonishing similarity between the 
average composition of the nickel eruptive and a mixture of 
sudburite and granite. The suggestion is that the Sudbury 
magma was essentially a hybrid magma and it appears to have 
arisen largely by hydrogen stoping of sudburite through granite 
thus making a mixed melt. The hydrogen or its compounds, 
such as I-I,.S,' possibly originated by emissio.n from an inner 
metallic interior carrying a certain amount of nickel and copper 
with it, but this perhaps is going too deeply into cosmical specu- 
lation. The point is that granitic melting was part and parcel 
of the general igneous cycle, while even Sudbury geologists agree 
that some of the granitic intrusions preceded by but'a short in- 
terval the eruption of the nickel eruptive. If the so-called later 
granites were in position but still fairly hot at the time of in- 
vasion by the norite, it would appear almost a foregone conclu- 
sion that they would send up granitic dikes into the norite at a 
late stage in its consolidation for the reasons that I have briefly 
given above. 

I am therefore of opinion that those who maintain the later 
age of the granite masses as a whole on the ground of these 
apophyses sent up into the riorite are as mistaken in their view 
as they are in their belief that the great ore deposits were formet:l 
by circulating solutions. 

W. H. G00DC•lI, D. 
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